Although data integration has been a research subject for decades in the AEC (Architecture Engineering Construction) industry whose data is usually highly fragmented, nowadays we still see problem statements regarding data integration, which are often very similar to those discussed in articles dated long time ago. Representing a departure from existing methods, this paper suggests exploring a novel method, the communityspecific conceptual representation, based on the Markov Model framework and the mediator concept. The community-specific conceptual representation provides a de facto standard for collaborating systems in order to share data; while the Markov Model framework and the mediator concept provide a theoretic foundation for the generation of the conceptual representation with expert assistances. This paper offers a theoretic discussion on the relevant theories and concepts. Further studies are needed to validate the feasibility and the practicality of this approach in the context of the AEC industry.
Introduction
Large-scale capital programs, often involving many concurrent projects with a huge amount of investment, multiple years' planning, design and construction, and thus great social and economic impacts, bear many features of ad-hoc collaboration. This is mainly due to the fact that they have multiple, volatile yet collaborative organizations, as well as federated heterogeneous supporting information systems.
Such a situation puts great constraints on the collaborating systems. In reality, the users' ability and their need to maximize the value of their information asset is hampered by poor interoperability between systems, competing standards for managing the data, lack of a common methodology for managing a project's information assets, and the complexity of the human-oriented business process. For example, a recent National Institute of Standards and Technology (NIST) report [1] has further confirmed the need for better coordination of electronic data and the development of standards. The report found that better data interoperability could result in potential cost savings of $15.8 billion a year for the construction industry alone.
The capital facilities industry significantly lags in its ability to share and process information. One of the largest problems facing any capital project or capital facility operation is timely access to accurate and complete information. The data integration problem is further complicated by disparate business processes, lack of an accepted industry standard for data exchange, and oftentimes a reluctance to share business-sensitive information.
The need to improve this situation imposes major challenges on the supporting information systems to be 1) ready to integrate with heterogeneous data sources; 2) adaptive to dynamic interactions among project participants as well as business process changes; and 3) sensitive to dynamic needs of information ownership, as well as knowledge protection and sharing.
Existing mainstream integration approaches in AEC are based on shared semantics, bearing significant limitations as those approaches assume a priori knowledge of heterogeneity during system design time, which many studies in computer science have pointed out to be not practical [2, 3, 4, 5] . For example, past experience in information management of capital projects shows that it is difficult for relative static standards to keep up with the complexity and the dynamics of business applications [6, 7] , especially when significant human involvement is present such as the case in the construction management process. On the other hand, several studies have also pointed out that mapping between heterogeneous data sources, which seems practical, is not a simple task, e.g., due to the existence of semantic heterogeneity and the need for bi-directional mappings [7] . Most of those approaches are semi-automatic, which requires the input from domain experts from time to time [5] . Unfortunately, there is still lack of mechanisms to assist domain experts in managing and controlling the semi-automatic process.
Clearly understanding the standard-based strategy and the mapping-based strategy, this proposed study seeks a new strategy for data integration. Instead of requiring collaborating systems to share an industry standard, the proposed approach turns to the idea of sharing a community-specific conceptual representation [8] , which is a de facto "standard" only for the collaborating systems of a project, generated based on the sharable ontological definitions among heterogeneous data sources.
The organization of this paper is as follows. Section 2 introduces the theory of the MMM mechanism and our proposed Community-Specific Mediator (CSM) conceptual representation. Case studies and several potential applications are discussed in Section 3 to demonstrate the advantages of our proposed method. The conclusion is given in Section 4.
Theory of MMM
The community-specific conceptual representation, or Community-Specific Mediator (CSM), is based on the MMM (Markov Model Mediator) mechanism, which adopts the Markov Model framework and the mediator concept. A Markov model is a well-researched mathematical construct, which consists of a number of states connected by transitions; while a previous study [9] defines a mediator to be a program that collects information from one or more sources, processes and combines it, and exports the resulting information. In other words, mediators can be said to be a program or a device which expresses how to integrate different databases/data sources. The MMM mechanism has been experimented in some application scenarios including document management on the World Wide Web [10] , multimedia database management [11] , and content-based image retrieval [12, 13] , but its feasibility and practicality in the capital project management environment remain untested.
The CSM model is suitable to serve as the conceptual representation for the data sources in the management environment of large-scale capital projects with respect to the following aspects:
1. Schema Independence Support: No matter what the underlying schemas of the data sources are, the integrated CSM can still provide querying and browsing of the information as well as control of data capture and presentation without the schema translation processes. The only information required from each data source is its objects and their attributes/features. Since things in the world have defining attributes, each data source can be represented by a set of objects and attributes/features. A local CSM is constructed for each data source and the semantic relationships among the objects within a data source are captured in that local CSM. An integrated CSM is then constructed from the local CSMs. As long as the relationships among the objects in each local CSM are captured, the same object relationships are also retained in an integrated CSM. Hence, as long as each data model of a data source provides the defining objects and their corresponding sets of features (attributes), the semantic relationships can be maintained in an integrated CSM without the mapping between schemas. In other words, schema independence can be supported by using the CSM model. 2. Data Source Autonomy Preservation: One of the important characteristics of the conceptual representation is the ability to preserve the autonomy of each data source; that is, the data in a data source can be created and manipulated independently of other data sources. Data source autonomy can be easily maintained by using the proposed CSM model. No data source needs to expose all of its information to its integrated schema; instead, only the higher level information such as the objects and their corresponding set of attributes/features need to be provided. Data in a data source can be manipulated via its own schema without any data conversion.
There are two types of CSMs. Each data source is modeled as a local CSM, and all the data sources in the program management environment can be modeled as an integrated CSM. The compact notion δ=(S, F, A, B,π) is adopted for the CSM model, where 1. S is a set of objects called states: A CSM consists of a sequence of states which represent the objects (in S) in the data source(s). The states are connected by directed arcs (transitions) which contain probabilistic and other data used to determine which state should be selected next. All transitions S i → S j such that Pr (S j | S i ) > 0 are said to be allowed, the rest are prohibited. 2. F is a set of attributes/features: A class of attributes or features, associated with an object, is used to characterize the object and to represent the information pertaining to the data source available to the application queries. Each object has its own set of attributes/features.
A is the state transition probability distribution:
The state transition probability denotes the probability that a traversal choice to node j given the current node is in i. Here, the node represents a state in the CSM. 4. B is the observation symbol probability distribution: The observation symbol probability denotes the probability of observing an output symbol from a state. Here, the observed output symbols represent the attributes and the states represent the objects. Since an object has one or more attributes and an attribute can appear in multiple objects, the observation symbol probabilities show the probabilities that an attribute is observed from a set of objects. 5. π is the initial state probability distribution: For any object in a data source, the initial state probability is defined as the fraction of the number of occurrences of this object with respect to the total number of occurrences for all the objects in that data source.
Case Studies and Potential Applications
In a previous study [14, 15] , an affinity-based association rule mining (ARM) approach was proposed to discover the quasi-equivalent entities in heterogeneous data sources. The discovered knowledge can then be used to establish the links among the local MMMs to build the integrated MMM. In the following, three examples will be used to illustrate the potential of using the proposed CSM in resolving the data integration problem. Figure 1 shows a typical problem with three independently defined data models, Cost, Schedule and Product. The integration of cost, schedule and product is a classic example of managing capital project data and information. In the following, the authors present three types of cases to discuss how the problems addressed in the case studies can be resolved by using the CSM. 
Case 1: Static Structural Conflicts
Assume that the CSM needs to support the user application in such a way that a user application should understand that both addresses ("Address of" Schedule and "Add" of Product in Figure 1 ) are supposed to be correct. If the address information needs to be used in generating a report, using either one of the addresses is fine. However, the CSM needs to be able to identify the differences in their attribute sets.
To resolve such a case, the constructed integrated CSM will allow the resolution of structural conflicts. For example, in the integrated CSM, there will be a link between the Address entity of the Schedule database and the Add entity of the Product database. Though the attributes in Address and in Add are not exactly the same, the users can access the complete address information through the links between the two entities. In other words, the retrieval of the data is completely transparent to the users in the sense that these two entities complement each other to provide the complete address information to the users, and the users do not need to know which part of the address comes from which database.
Case 2: Application-Related Heterogeneity
Assume monthly reports are to be generated. The reports need to reflect the schedule status and the budget for a building component. In this case, the schedule information is defined by Schedule, budget information is defined by Cost, and building component information is defined by Product. The CSM needs to be able to represent that these three entities are related so that if information stored in those databases share the same key structure, e.g., using the same Work Breakdown Structure (WBS) for activities, cost items and products, the user application can generate such a report by using the CSM.
To solve this problem, in the integrated CSM, the links of those entities that have high affinity relationships are established based on the usage patterns obtained from the previous monthly reports. To generate the current monthly report, the information from multiple entities in multiple databases can be retrieved for the report. For example, since there are links among the Project entity of the Schedule database, the EstimateProject entity of the Cost database, and the Product entity of the Product database, for a particular building component, its schedule information in the Schedule database, its budget information in the Cost database, and its product information in the Product database can be pulled out from the system to generate the report.
Case 3: Dynamic Semantics
Assume that the Product entity of Product has another attribute called "budget", which is a lump-sum cost of a product. Such a budget format serves the application of "Product" very well. However, an ad-hoc executive report requires information regarding budget amount at a certain date, such as project encumbrance date. The CSM should not only be able to identify the link between Activity entity of Schedule and Product entity of Product, but also manage additional dynamic semantics that handle the additional relationship between them, i.e., the budget of that activity up to the date of project encumbrance.
In construction management, a lot of information such as situation changes, relationship changes, process changes, etc. is very dynamic and it is not feasible to store them in the static structures. However, such information is very important in project operations. In this study, we explore the incorporation of some additional constructs into our proposed framework such as representing the dynamic semantics in Resource Definition Framework (RDF) in a policy database and adding an additional tuple in CSMs.
This policy database will store the dynamic semantics (including situations, relationships, and process changes, etc.) as policies for the system, where all the policies are represented in ontology such as RDF. For example, though the Budget entity of the Product database is available, it provides only the lump-sum cost of the building component. The detailed break-ups of the budget for the particular product based on the dates of project encumbrance will be kept in this policy database as policies and represented in RDF. We propose to represent CSM as a 6-tuple λ = (S, F, A, B, Π, D), where D is a semantic-dynamic vector with the size 1 x |S| and |S| is the cardinality of the set S. Initially, all the entries in D are initialized as NULL values. Every time a new policy with respect to a particular entity is added to (or removed from) this policy database, the corresponding entry in D is updated by adding a pointer (or resetting the pointer to NULL) to the policy database. During the retrieval process, each CSM will first check whether the corresponding entry for the entity in D is NULL or not. If it is not NULL, then the pointer will point to the policy database to access the additional information to model the dynamic semantics.
Conclusion
Having an integrated data source for a capital or facility project that can support seamless accesses to the data, information and knowledge for optimal decisionmaking throughout the lifecycle of the project has been a vision of many research studies for decades. However, methodologies for realizing this vision differ. While the mainstream school of thinking in integrating heterogeneous data sources of capital projects still prefers a shared semantic model for integration, this paper envisions a different methodology that possess much potential to the solving the integration problems of capital projects.
The discussions on the three cases show the potential of using the MMM mechanism to generate communityspecific conceptual representations in different scenarios.
The proposed CSM community-specific conceptual representation, based on the MMM mechanism, can be more scaleable and adaptive to the dynamics in capital
